Abstract-Triangular metamaterial resonators, designed by RF MEMS cantilevers in coplanar waveguide (CPW) configuration, have been fabricated on alumina substrate and tested up to 40 GHz. A triangular split ring resonator has been etched in the central conductor of the CPW transmission line and the split is provided by a technologically actuated cantilever beam, i.e. with metal directly deposited without the sacrificial layer, to emulate the ideal actuation. Two main configurations of the triangular transmission line have been studied for narrowband microwave switching, the first one without the MEMS cantilever and the second one with a technologically actuated MEMS cantilever switch. Because of the contributions of both the resonator and the switch, the device has a narrow band switching feature. Moreover, the parameters extraction obtained by both the experiment and the simulation, show a metamaterial behavior of the exploited configuration.
INTRODUCTION
Most of the technological growth in the last decades dealt with the development of materials with novel properties. In particular, the analysis and synthesis of materials with specific electrical and magnetic properties are now a research area of high strategic interest for the foreseeable impact on a wide range of applications and technologies, such as telecommunications, information technology, aerospace, biomedical engineering and material science. The concept of metamaterials (MM) was introduced at the end of 1960, but only recently the practical implementation of models has focused interest on practical applications. MMs are characterized by strong electric and magnetic plasmonic resonances that make the medium dispersive in narrow frequency ranges. In the region of resonance, the relative values of the permeability μ and of the permittivity ε for MMs are both negative. These materials show phase and group velocity having opposite sign and a negative refractive index in certain frequency bands, characteristics that make them good candidates for applications in Radio Frequency (RF) and microwave systems. This paper presents the design, the fabrication and RF test of a MM structure realized by triangular split ring resonators, in which the split is done by capacitive cantilever MEMS switches placed in one arm of the triangle. Transmission characteristics of the resulting cells are obtained both numerically and experimentally. It is observed that the activation of the MEMS (the presence of the split) leads to the resonance of the device.
II. DESIGN
Numerous types of different ring and ring-like structures such as circular, square, omega shaped, U-shaped, S-shaped and others have been used to create new MM transmission lines ( [1] for a brief history). Although there are few studies about the triangular shaped resonators in literature [2] [3] [4] [5] [6] [7] [8] [9] , the first study of the MM transmission line with triangular resonator was conducted in 2008 [2, 3] . In this work, new MMs comprised of triangular split ring resonators have been simulated and fabricated in coplanar waveguide configuration and a retrieval method is used for the calculation of the effective material parameters. Coplanar waveguide (CPW) designs prove to be advantageous when integration with lumped or active components is required. In addition to that, CPW technology offers low dispersion and simple realization of short-circuited ends without the need of vias, which leads to the reduction of the radiation losses and of the fabrication efforts [10] .
In this design alumina (relative permittivity = ε r = 9.8, tang
δ=10
-3 ) is used as substrate with a thickness of 635 microns. We designed a triangular split ring resonator etched in the central conductor of the CPW transmission line. The split is provided by a cantilever beam (Fig. 1) , which has to be electrostatically actuated in the real case, whereas in the present one we just deposited metal to obtain the switch in the "on" state. The structure of a RF MEMS cantilever switch consists of a thin gold membrane cantilever clamped only on one side of the bridge, suspended over the etched triangle. When the switch is in the OFF position (cantilever up) the arm of the etched triangle is not split, and the full CPW triangular line provides just a tapering for a matched transmission line from port 1 to port 2. When the cantilever is down, i.e. the switch is actuated, the ON state provides now the split of the triangle. The cross section in Fig. 1 gives evidence for a suspended cantilever, single side clamped, to be collapsed by means of an electrostatic actuation for closing the circuit with the inner triangle. In this way the resonance contribution coming from both the patch and the slot is evidenced by the connection of the triangular ring slot with the floating patch (ON state). This is the first step before the actual manufacturing process that includes a cantilever to be really actuated by means of more than one standard lithographic process. Our work is just one mask process but it is an important demonstration about the possibility to manage the resonance properties of the triangles, even including a meta-material response. 
III. METAMATERIAL PROPERTIES OF THE PROPOSED

STRUCTURE
As discussed in the introduction, metamaterials are artificial structures that can be designed to exhibit simultaneously negative permittivity and permeability. They are more commonly referred to as left-handed materials (LHM) and their unique properties can be analyzed with a transmission line (TL) approach [11] . The general TL approach provides insight into the physical phenomena of LHMs and provides an efficient design tool for LH applications. LHMs can be included in a more general model of composite right/left handed (CRLH) structures, which also involve right-handed (RH) effects that occur naturally in practical LHMs [12] . Actually, parasitic elements are always present in the real structures, thus imposing the necessity for a CRLH modeling. Starting with the Caloz and Itoh transmission line approach we retrieved the ε and µ parameters for the proposed configuration by means of the Z and Y parameters obtained by the Microwave Office simulations. If we consider a two port symmetric and reciprocal network, a relationship between the (Z, Y) matrix electrical parameters, the dielectric permittivity ε and the magnetic permeability µ can be obtained by means of the definition of the effective quantities Z eff and Y eff :
Where Z 11 is the impedance measured at port 1 when current at port 2 is zero, Z 21 is the trans-impedance measured at port 2 when the current at port 2 is zero, and ω=2πf. In the Figures 6 and 7 are plotted the effective values of the real part of ε and µ by Eq. (1). In the manufactured devices the ideal situation represented by a cantilever completely collapsed has been reproduced, to have a reference, ideal device matching as close as possible the theoretical design. For this purpose, no sacrificial layer has been used, but metal deposition has been performed directly onto the substrate. Preliminary RF tests on the MM resonators have been performed and they are presented in Fig. 6 and in Fig. 7 . In Fig. 8 the device under test is shown. . Since, as stressed in the paper, the ON state is an ideal condition emulating the collapsed beam, it is a 2D structure, obtained directly connecting the inner and outer triangles. In the real case, a cantilever switch to be electrostatically actuated will be manufactured, including the feeding line necessary for the actuation.
The measured electrical performances are in good agreement with the performed simulations. In particular, the devices have been designed to have resonance peak (in the ON State) around 16 GHz.
V. EQUIVALENT CIRCUIT
In this section the equivalent circuit shown in fig. 9 is proposed for the modeling of the triangular resonator (cantilever switch is in the ON state). The choice of this topology is strictly related with the frequency behavior of |S 21 | plotted in fig. 7 . In particular, the shunt connected circuit has been designed to resonate at the frequency of the band stop peak (16.326 GHz), so having a mathematical condition to be fulfilled by L and C. Another condition is obtained imposing that for a selected frequency the |S 21 | value provided by the circuital model is equal to the corresponding measured value [13] . Moreover, at 16.326 GHz the equivalent circuit is only composed by the resistance R, whose value therefore can be computed by means of the |S 21 | experimental result at the band-stop peak frequency.
Comparing the simulated data ( fig. 10 ) with the measured ones ( fig. 7 ) it is worth noting that a remarkable agreement has been obtained in the 0-20 GHz band. Fig. 9 . The proposed equivalent circuit. As it is shown, a quite simple approach is enough for emulating the resonating structure. In the present case, C≈0.11 pF, L≈0.88 nH and R≈11.82 ohm have been imposed. VI. CONCLUSION In this paper a triangular resonator exhibiting meta-material properties has been studied, with possible narrow band switching applications. In particular, a triangular CPW configuration has been designed, manufactured and tested up to 40 GHz, including a technologically actuated cantilever beam. The behavior of the whole structure has been tested with the switch in the ON and OFF state evidencing a resonance only in the ON state, i.e. when the switch is actuated. The effective dielectric constant and magnetic permeability have been retrieved by means of the equivalent transmission line model, showing a meta-material response within the resonance band. An equivalent circuit of the structure has been derived too. Since the tests clearly exhibited a good agreement with simulations, a run is presently ongoing to realize the fully operational device, including the cantilever switch to be electro-statically actuated.
